Endocni'ditis was induced in dogs with aortic insufficiency by intravenous injection of 1 nil. of a culture of: Staphylovoccus aurens. Endocarditis could be prevented by n single intravenous injection of penicillin given within 8 hours after injecting the bacteria. The infection was aborted or modified when treatment was delayed 16 hours. AA T hen treatment was delayed 24 hours or longer, symptoms often recurred after cessation of therapy. The endocarditis was arrested by treatment of relapses, but some animals died from acute heart failure due to valvular deformity or insufficiency. A proliferative glomerulonephritis, which developed in nearly all dogs given delayed treatment, persisted despite therapy. There was evidence that a chronic glomeruloneplnitis may be a sequel to this proliferative glomerulonephritis.
S TAPHYLOCOCCAL endocarditis in man
is increasing in frequency 1 and presents many problems that emphasize a need for therapeutic studies in experimental animals. Previously it was shown 2 -3 that staphj'lococcal endocarditis could be induced readily in dogs with aortic insufficiency by intravenous injection of staphylococci. The dogs became acutely ill within 24 hours and died in 3 to 12 days. They developed an acute endocarditis and diffuse proliferative glomerulonephritis with visceral infarcts and widespread hemorrhagic and inflammatory lesions. The bacterial vegetations were confined mainly to the mitral and aortic valves and the suture line of the aorta. This paper reports the response of such experimentallyinduced endocarditis and glomerulonephritis to therapy with penicillin and streptomycin and the influence of age of infection on the therapeutic response.
METHODS
Aortic insufficiency was induced in 23 mongrel dogs of both sexes weighing 6 to 15 Kg. by removing a disc of tissue from the base of the right aortic valve by a punch introduced through an incision From the National Institute of Arthritis and Metabolic Diseases and Clinic of Surgery, National Heart Institute, National Institutes of Health, U.S. Public Health Service.
Received for publication July 3, 1959. into the ascending aorta. 4 The punches used had cutting diameters of 3.9 and 4.9 mm. Several weeks after surgery, the dogs were given 1 nil. of a 5-hour culture of Staphylococcus aureus intravenously as previously described. ' 1 Penicillin, 0.06 /tg./ml., was completely inhibitory with 1 million organisms per milliliter of this strain. Blood cultures were taken before and at intervals after the bacterial inoculation. Serum alkaline phosphatase and blood urea nitrogen determinations were made as indicated to detect infarction of the kidney or spleen 5 and renal insufficiency.
The dogs were treated intravenously for varying periods with a 5:1 ratio of sodium penicillin G and streptomycin sulfate dissolved in normal saline. Unless otherwise specified, each dose contained 50 nig 1 , or 83,333 units of sodium penicillin G and 10 mg. of streptomycin sulfate per kilogram of body weight. Larger amounts of streptomycin sulfate were considered too toxic. Most of the dogs were heated with this standard dose 3 or 4 times daily at about 9:00 a.m. and 1, 5, and 11:00 p.m.; the injection at 11:00 p.m. was omitted if only 3 doses were given. The dogs received 10 mg. of probenecid°/Kg-. body weight intramuscularly twice daily at the time the first and last doses of antibiotic were given.
Postmortem studies were made on all the dogs. Cultures were made on blood obtained from the left ventricle at autopsy. Tissue blocks of nearly all organs were saved for histologic study and fixed in buffered (pH 7.0) 10 per cent aqueous solution of formalin. Routine paraffin sections were stained with azure eosin. was similar to that described previously. 3 The valvular lesions were graded severe (B in the tables) only if bacteria were noted in the microscopic sections. They were graded moderate or abacterial (A in the tables) if there were inflammatory changes with no demonstrable bacterial colonies. These represent mild or regressing lesions. They were graded chronic (C in the tables) if there was fibrous thickening of the valves with no demonstrable bacteria and few or no inflammatory cells. In addition to renal infarcts, many dogs developed an acute, diffuse, proliferative gloinerulonephritis characterized by increased cellularity of theglomeruli with partial obliteration of the capillary bed. The severity of the glomerulonephritis was graded one to four plus by estimating the degree of cellularity. To aid in the grading, using the criteria described previously, 8 counts were made of the nuclei in .10 glomeruli taken at random in noninfarcted portions of the kidney, but some allowance was made for differences in size of glomeruli due to differences in size of the animals.
RESULTS
Early Treatment. The first experiment was designed to determine how soon after the bacterial inoculation treatment must begin to prevent infection. Six dogs were given a single dose of the antibiotic mixture at 0 to 24 hours after the inoculation (table 1). The 2 dogs treated at 0 to 8 hours showed no elevation in temperature or other eA'idenee of infection. One dog (dog 3, table 1) treated in 16 hours developed fever and a positive blood culture, but became asymptomatic after therapy. Absence of significant histopathologic changes indicated complete recovery. The other dog (dog 4), treated at .16 hours, showed a residual infection evidenced by slight inflammatory changes in the anterior mitral leaflet, a few small renal abscesses, and a positive culture of the blood obtained from the left ventricle at autopsy. Dogs 5 and 6, treated at 24 hours, became afebrile and appeared to be in reasonably good health, but had intermittently positive blood cultures. Dog 5 had. attached to the suture line of the aorta, a large vegetation showing no demonstrable bacterial in microscopic sections. Dog 6 showed a mild endocarditis with renal lesions (table 1) . None of the 6 dogs in this group developed a diffuse proliferative or focal glomerulonephritis.
These findings indicate that treatment begun within 8 hours may prevent infection and that infection develops but may be aborted or modified if treatment is given within 16 to 24 hours.
Delayed Treatment. A second study was designed to determine the effects on the endocarditis and renal lesions of a short coui'se of intense therapy begun 1 to 6 days after the bacterial inoculation. The data are summarized in table 2. One dog (dog 14) died in 36 hours and another (dog 13) died 136 days after beginning therapy due to a massive hemorrhage resulting from disruption ot' the suture line in the aorta. The other 8 dogs were killed for study.
Only the 2 dogs treated within 24 hours had no renal infarcts and no significant renal lesions. However, both showed evidence of a mild regressing endocarditis. One (dog 7) showed a few inflammatory cells in the mitral and aortic A'alves, and the other (clog 8, table 2), showed an organizing sterile vegetation on the rim of the surgical defect in the right aortic leaflet. Dog !). treated in 48 hours, became asymptomatic, but studies revealed a bacterial vegetation on the suture line of the aorta. The endocardial lesions of 1 of the 3 dogs treated in 72 hours (dog 10, table 2) responded successfully to therapy. The 2 other dogs (11 and 12) relapsed after cessation of therapy and were killed preterminally at 11 and 12 days. The valvular vegetations were larger and contained more fibrinous material than those usually seen in dogs with untreated, fulminant, staphylococcal endocarditis and resembled in this respect the vegetations in dogs infected with Streptococcus mitisr- 3 Two dogs (15 and 16) were killed 24 and 48 hours after beginning therapy and a third dog (dog 14) died during the night at about 36 hours. Of these 3, only dog 15, killed at 48 hours, showed no bacteria in microscopic sections of the cardiac valves. This disappearance of bacteria from the valves in 48 hours correlates with the observation that the treated dogs, though some relapsed later, became afebrile 24 to 48 hours after beginning therapy. It is noteworthy that a proliferative glomerulonephritis was observed in dogs 10 and 13 at 28 and 140 days after the bacterial inoculation, respectively, even though no active endocardial lesions were found.
Intermittent Treatment. A third study was designed to study the sequelae of endocarditis when prolonged by intermittent treatment. Treatment was begun 3 to 4 days after an inoculation of staphylococci (table 3) . The animals usually received 3 standard doses of the antibiotic mixture and 2 doses of probenecid daily for 3 to 5 days. Treatment was renewed when fever and other signs of a relapse developed and was stopped entirely when blood cultures became persistently negative. The duration of treatment, the total amount of penicillin given, and other data are summarized in table 3. Four of the 7 dogs died. One (dog 17) died in 18 days with acute heart failure due to mitral insufficiency resulting from rupture of a chorda tendinea. Dog 18 died in 28 days from severe aortic insufficiency resulting from extension of the surgical defect by disruption of the distal portion of the right aortic leaflet. Dogs 18 and 20 died in 20 and 41 days respectively after suffering a febrile relapse which failed to respond to antibiotic therapy. Repeated blood cultures during the last 14 days in dog 18 and 8 days in dog 20 revealed a Gram positive spore-bearing bacilus morphological^ resembling Bacillus subtilis. A similar organism was cultured from blood obtained from the left ventricle at autopsy and was seen in microscopic sections of the massive valvular vegetations. Accordingly. death of these 2 dogs is attributed in part to a superimposed bacillary endocarditis.
The 3 remaining dogs were killed 68, 87, and 504 days after the bacterial inoculation. Dog 21 was killed in 68 days after repeated negative blood cultures. At autopsy, a healed perforation, about 1 cm. iu diameter, was found at the base of the posterior mitral leaflet. Ilistologic studies revealed marked fibrous thickening and vascularization of the leaflet, but no bacteria or acute inflammatory changes. Dog 22, killed after 87 days, had a persistently positive blood culture despite therapy. This dog had failed to respond to an initial treatment with 100 mg./Kg. of sodium penicillin G 4 times daily for 5 days beginning 3 days after the bacterial inoculation. This was the only dog in the group with a bacterial vegetation involving the aortic suture line. Dog 23, killed after 580 days, at autopsy showed slight mitral insufficiency due to an old rupture of a chorda tendinea to the anterior mitral leaflet.
All the dogs in this group showed renal infarcts and a diffuse proliferative glomerulonephritis (table 3) . Dog 23, killed after 580 days showed, in addition, evidence of a beginning chronic glomerulonephritis. The basement membranes of many glomeruli were markedly thickened and some showed adhesions and fusions of the tufts, capsular thickening and partial fibrosis ( figs. 1-3) .
Nearly all the dogs in the 3 groups had a focal interstitial nephritis with an infiltration by lymphocytes and plasma cells. Considerable scarring was noted in some of the dogs, such as dog 23, which were observed for prolonged periods. The incidence and severitj' of the interstitial nephritis and scarring was greater than that seen in this laboratory in dogs that did not receive bacteria.
Blood Chemistry. The development of infarcts in the kidney or spleen was evidenced by a sharp rise in serum alkaline phosphatase as has been described. 5 There was no elevation in blood urea nitrogen even in dogs with a severe proliferative glomerulonephritis, unless there was accompanying massive renal infarction. The latter was evidenced at autopsy or, if the animal survived, by a sharp rise in serum alkaline phosphatase which declined as the animal improved.
DISCUSSION
These findings indicate that staphylococcal endocarditis in dogs with aortic insufficiency may be prevented by a single intravenous injection of penicillin given within 8 hours after inoculating staphylocoeci and that in- The endocarditis may be arrested by treating relapses, but the valves often become thickened and deformed. The animals may die from acute heart failure, due to rupture of a chorda tendinea or an aortic cusp, or from a massive hemorrhage due to rupture of the aortic suture line. The source of the organisms responsible for the relapses is uncertain. In a previous study on endocarditis in rats in this laboratory, 7 it was shown b} r culture and histopathologic studies that a few organisms may persist in the heart and kidney despite intensive antibiotic therapy and that such organisms may multiply after cessation of treatment. Possible explanations for this phenomenon have been discussed previously.
8
A rapid disappearance of organisms within 48 hours after beginning treatment was noted also in the rats with endocarditis. 7 ' 8 The proliferative gloinerulonepliritis, which was present in nearly all dogs given delayed treatment, persisted despite therapy. In one dog killed 580 days after the injection of staphylococci, some renal glomeruli showed, in addition to increased cellularity, hyaline and fibrous changes indicating a beginning chronic gloinerulonepliritis. Evidence that an acute, proliferative glomerulouephritis may develop into a chronic glomerulonephritis was even more marked in another dog with aortic insufficiency in an unpublished study; this dog died with an acute exacerbation 25 months after injecting cultures of Streptococcus mitis. This dog showed, in addition to a severe proliferative glomerulonephritis, changes such as adhesions of glomerular tufts to each other and to the capsule, and partial or complete fibrosis and hyalinization of scattered glomeruli. These findings are of interest since the relation between acute and chronic glomerulonephritis in man has been questioned 9 and suggest that chronic glomerulonephritis may follow an unrecognized healed endocarditis.
SUMMARY
Endocarditis was induced in dogs with aortic insufficiency by one intravenous injection of 1 ml. of a culture of Staphylococcus aureus. The dogs were treated by intravenous injections of sodium penicillin G and streptomycin sulfate and intramuscular injections ENDOCARDITIS AND GLOiM ERULONEPrlRITIS !)87 of probeneeid. Endocarditis could be prevented by a single intravenous injection of penicillin given within 8 hours after injecting the bacteria. The infection was aborted or modified when treatment was delayed 16 hours. The results varied when treatment was delayed 24 hours or longer. Symptoms subsided during treatment but often recurred after cessation of therapy. The endocarditis was arrested by treatment of relapses, but the valves often became thickened and deformed and some animals died from acute heart failure due to valvular insufficiency. A proliferative glomerulonephritis, which developed in nearly all dogs given delayed treatment, persisted despite therapy. There was evidence that a chronic glomerulonephritis may be a sequel to this proliferative glomerulonephritis.
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